In this paper we study the formation of microbubbles upon the irradiation of an array of plasmonic Au nanoparticles with a laser in n-alkanes (C n H 2n+2 , with n = 5-10).
Introduction
Microbubbles generated around plasmonic gold nanoparticles by resonant laser irradiation are relevant to various applications in biomedical diagnosis and cancer therapy, 1-6 solar energy harvesting, 7-13 micromanipulation of nano-objects [14] [15] [16] [17] [18] and locally enhanced chemical reactions. 19, 20 Controlled and highly tunable plasmonic bubble formation is in particular suitable for colloidal nanoparticles deposition and clusters formation on a substrate to enhance the signal for Raman spectroscopy in ultrasensitive analysis and sensing. 21 Moreover, the plasmonic effect may locally facilitate and enhance catalytic conversion while the entire system still remains at ambient temperature, which allows to utilize the conversion process in miniaturized systems suitable for lab-on-a-chip applications.
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Owing to the technological relevance of these microbubbles, the dynamics of their growth and shrinkage has been scrutinized in several investigations. 7, 9, 12, [22] [23] [24] [25] [26] Plasmonic bubble generation is a complex phenomenon, which involves numerous physical processes, such as heat transfer from the nanoparticle to the liquid, supersaturation of the liquid, phase transitions, bubble nucleation, diffusion of gas dissolved in the liquid, evaporation of the liquid and many others. The irradiation of metal nanoparticles immersed in liquid with a continuous laser at resonant wavelength results in plasmonic excitation of the nanoparticles and thereby, in a rapid increase of the temperature of the nanoparticles. Consequently, the liquid surrounding the nanoparticles also exhibits an increase in the temperature, albeit much slower than the nanoparticles. In the absence of any nuclei, the surrounding liquid can become superheated,
i.e., reach a temperature that exceeds the boiling temperature. Eventually, however, nucleation will occur, resulting in the explosive growth of a vapor microbubble. In a recent study we have found that the dynamics of plasmonic microbubble nucleation and evolution in water can be divided into 4 subsequent phases, namely, an initial explosive vapor bubble phase (life phase 1), an oscillating bubble phase (life phase 2), a vaporization dominated growth phase (life phase 3), and a gas diffusion dominated growth phase (life phase 4).
25,26
Up to now, the studies have focused on the formation of plasmonic bubbles in pure water and aqueous solutions or suspensions. However, many plamonic assisted processes take place in presence of an organic phase. In order to better understand the physics of the formation and growth of these microbubbles in different liquid media, it is essential to vary the relevant physical properties of the liquid host, such as the boiling point, the enthalpy of vaporization, the heat capacity, the surface tension, the thermal conductivity, and the gas solubility of the host liquid. In this study, our liquids of choice are n-alkanes. These are simple hydrocarbons, which consist of a carbon backbone and their general formula is C n H 2n+2 . In Table 1 various physical properties of the n-alkanes and water are summarized. Their properties depend on the carbon chain length, which make them ideally suited for investigating bubble formation in an organic phase. Here we will systematically study the dynamics of plasmonic microbubbles formed on the substrate with an array of gold nanoparticles (GNP) with a diameter of about We found that, as compared to water as host medium, the dynamics of plasmonic microbubbles in n-alkanes differs significantly. The bubbles in n-alkanes exhibit only two consecutive phases during their evolution, rather than four, as in the water case. In the first phase, which occurs after a delay time τ d after turning on the laser, still an explosive vapor microbubble is formed. In the second phase, after the collapse of the initial microbubble, a new bubble forms and starts growing due to the vaporization of the surrounding liquid. The life phases 2 and 4 found in the water case are however absent. These results bear important implications for using plasmonic heating to control chemical reactions in organic solvents.
Methods Sample Preparation
A gold layer of approximately 45 nm was deposited on an amorphous fused-silica wafer by using an ion-beam sputtering system (home-built T COathy machine, MESA+ NanoLab, Twente University). A bottom anti-reflection coating (BARC) layer (∼186 nm) and a photoresist (PR) layer (∼200 nm) were subsequently coated on the wafer. Periodic nanocolumns with diameters of approximately 110 nm were patterned in the PR layer using displacement 
Setup description
The experimental setup for plasmonic microbubbles imaging is shown in Figure 1 . The gold nanoparticle decorated sample was placed in a quartz glass cuvette and filled with liquid.
A continuous-wave laser (Cobolt Samba) of 532 nm wavelength and a maximum power of 300 mW was used for sample irradiation. An acousto-optic modulator (Opto-Electronic, AOTFncVIS) was used as a shutter to control the laser irradiation on the sample surface. 400 µs and 4s laser pulses were generated and controlled by pulse/delay generator (BNC model 565) in order to study the short-term and the long-term dynamics of microbubbles, respectively. The laser power was controlled by using a half-wave plate and a polarizer and measured by a photodiode power sensor (S130C, ThorLabs). Two high-speed cameras were installed in the setup, one (Photron SA7) equipped with 5x long working distance objective (LMPLFLN, Olympus) and the other (Photron SA1) equipped with various long working distance objectives: 5x (LMPLFLN, Olympus), 10x (LMPLFLN, Olympus) and 20x (SLMPLN, Olympus) and operated at various framerates from 5 kfps up to 500 kfps. The first camera was used for a top-view and the second one for side-view. Two light sources, an Olympus ILP-1 and a Schott ACE I provided illumination for the two high-speed cameras.
In our experiments n-alkanes from Sigma-Aldrich and MiliQ water were used.
Results and discussion
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Figure 2: Examples of initial explosive bubble at maximum expansion in a) water and nalkanes: b) pentane, c) hexane, d) heptane, e) octane and f) nonane at the same laser power P l = 60 mW.
The initial stages of the explosive growth of plasmonic microbubbles in n-alkanes has been monitored with a high-speed camera operated at a frame rate of up to 500 kfps. Figure 2 depicts examples of these vapor microbubbles at their maximum expansion for water, pentane, hexane, heptane, octane and nonane, respectively. Decane is not considered here, as the life cycle of an explosive bubble in decane is too short to be characterized with available frame rates. Figures 3(a) and 3(b) show the bubble radius R b and the delay time before nucleation of the bubble τ d , respectively. With increasing laser power P l , the bubble radius as well as the delay time decrease, similarly to what has been observed for water. 26 The delay time increases with increasing alkane chain length, whereas the maximum microbubble size mainly depends on the laser power. For a given laser power of 60 mW, the microbubbles formed in water have a radius of about 50 µm and are by far the largest, followed by pentane, hexane, heptane, octane and finally nonane. It is worth noting that only a slight difference in bubble size of the various n-alkanes was observed. On first sight this seems counterintuitive, considering the significant variation in boiling temperatures of the alkanes, from 36 • C for
, but we will explain this later. Prior to bubble nucleation, the liquid has to be heated up to a temperature that exceeds its boiling temperature. Particularly, the nucleation temperature of very pure liquids can be much higher than their boiling temperature. 29, 30 There is, however, a limit to this superheating. For a given pressure, the maximum attainable temperature is the so-called spinodal temperature. At the spinodal temperature the evaporation enthalpy vanishes, resulting in spontaneous homogeneous nucleation. However, in most cases nucleation occurs at a temperature substantially lower than the spinodal temperature, owing to the presence of tiny cracks, cavities or pits filled with gas, impurities or aggregations of gas molecules that can act as centers of nucleation. 29, 31, 32 The latter nucleation process is referred to as heterogeneous nucleation. A schematic phase diagram is shown in figure 4 (a).
In order to determine the nucleation temperature, just as done in our previous study for water, 26 we numerically calculate the temperature evolution around a nanoparticle, assuming spherical geometry, by solving the heat conduction equation,
where κ, ρ, and c p are thermal diffusivity, density, and heat capacity of water, r is the distance to the GNP, and p l (r, t) is the deposited power density (unit in W/m 3 ), which is assumed to be constant for a radius r within the GNP, and 0 elsewhere. The temperature field generated by the nanoparticles array has been calculated by superposition, within a Gaussian beam profile. The resulting time-dependent temperature field is given by
where T i the temperature field created by the nanoparticle i, d i the distance from the center P th is the threshold laser power below which no nucleation can occur. The symbols represent the experimental data and the solid lines are the spinodal lines (bronze), the equilibrium lines (black), and the fitted curves using Eq. 1. All fitted lines are within the metastable region, i.e. between the equilibrium and spinodal boundaries.
of the ith nanoparticle. Using the above equations, one directly obtains the time required to reach a given temperature for a given laser power. This approach was used for every alkane to fit the experimental data using a root-mean-square-minimization method, resulting in the solid curves in Fig. 4 (b-f) . The nucleation temperatures for the alkanes are 79
• C,
102
• C, 123
• C, 139
• C and 160 • C for C 5 H 12 , C 6 H 14 , C 7 H 16 , C 8 H 18 and C 9 H 20 , respectively.
In Figure 5 , the boiling, nucleation, and spinodal temperatures as well as the superheating temperature (nucleation temperature -boiling temperature) are shown. Boiling, nucleation and spinodal temperatures all increase with the length of the alkane chain. Notably, the degree of superheat decreases with increasing number of carbon atoms in alkanes from 63 K for pentane to 29 K for nonane.
The bubble nucleation mechanism in alkanes appears to differ from the one in water. Air T nucl -T boil T nucl (1) T nucl (3) Figure 5 : Boiling, nucleation, spinodal and superheating (difference between average nucleation and boiling temperatures) temperatures for pentane, hexane, heptane, octane, and nonane. The nucleation temperatures form repeating experiments have been plotted to show the reproducibility in the different runs. All error bars lie within the size of the markers.
solubility in water decreases with increasing temperature and, therefore, the heated liquid becomes supersaturated and, therefore, expelled gas molecules facilitate bubble nucleation.
However, in n-alkanes the solubility of air increases with increasing temperature, 33,34 causing undersaturation in the heated zone. However, it is important to point out (see Table 1 ) that the amount of dissolved gas in alkanes is 15-30 times more than in water, so the gas level in the surrounding liquid may still play a role in bubble nucleation.
From the above mentioned numerical calculations the threshold values of laser power P th for all alkanes have been extracted, namely P th = 18 mW, 24 mW, 28 mW, 34 mW, 37 mW for pentane, hexane, heptane, octane and nonane, respectively. The laser powers are consistent with the experimental results (see Figure 3) , which confirms the robustness of our method. Below these threshold values, heat diffusion prevents the system from reaching the required nucleation temperature and, therefore, a bubble cannot be generated.
The conversion efficiency of light energy absorbed by the NP to vapour generation is crucial for various applications. The efficiency can be estimated as a ratio of the energy stored in the bubble and the deposited energy. Using the ideal gas law and Antoine's equation we obtain:
where P sat is saturation pressure, M is the molar mass, Λ vap is the latent heat of vaporization,
is the universal gas constant, A, B and C are component-specific constants, and ξ is the nanoparticle absorption coefficient. The estimated efficiencies for all alkanes as functions of the deposited energy are shown in Figure 6 . The efficiency decreases with increasing chain length, which means that for longer chains more energy is lost for bulk liquid heating. All curves in Fig. 6 follow the same trend: starting from a low deposited energy, which corresponds to short delay times and high laser powers, the efficiency goes up, reaches a maximum, and then rapidly decrease with increasing deposited energy, i.e.
longer delay times and lower laser powers. The initial efficiency increase is caused by the heat diffusion dynamics (see Supporting Information). At the time scale of tens of µs the heat diffusion is close to the 1D planar case, while later on the transition from planar heat diffusion to spherical heat diffusion occurs. Further increase of the deposited energy reflects long delays prior to nucleation, consequently, there is enough time for heat to diffuse deep into the bulk liquid. Therefore, the energy losses increase and the conversion efficiency quickly drops.
As already mentioned in the introduction, in water, there are four distinctly different phases of plasmonic microbubbles evolution. 25, 26 Up to now we only discussed the first one.
For water, this first bubble phase is analogous to the here discussed first phase of alkanes and involves the formation of an explosive vapor bubble.
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However, in the case of water, the first phase is followed by a second oscillating bubble phase. In the case of alkanes this second phase is completely absent (see Movies 1 (a-c) in
Supporting Information), which we ascribe to the fact that air solubility in alkanes is 15-30 times higher than in water (see Table 1 ). Therefore, the bubble, which is generated by liquid evaporation right after the collapse of the first explosive bubble, already contains some gas and has more chances to survive and stabilize. Evidence for the existence of gas in the bubble for the n-alkane case comes from the peculiar bubble behavior during the bubble collapse, which is especially pronounced for n-pentane (See Movie 1 (a) in Supporting Information). Instead of complete shrinkage, the bubble exhibits some sort of rebound, retains a certain size with a wavy interface and then detaches from the substrate, rising in the cool liquid medium. This dynamics is quite intriguing by itself but falls out of the scope of this paper. However, it is remarkable that the bubble does not vanish or condense immediately in this environment. Also the phenomenon of a stable rising bubble clearly suggests that the bubble formed after the collapse (or partial collapse in the case of n-pentane) of the initial explosive bubble is indeed partially filled with gas.
During the second phase the bubble steadily grows. In Figure 7 (a) the bubble radius versus time is shown for the first 4 seconds of laser irradiation at a laser power of 100 mW.
The inset shows a double logarithmic plot of the bubble radius versus time. It is immediately clear from Figure 7 that the longer the carbon chain of the alkane, the smaller the bubble. alkane at any given time, for a laser power of 100 mW. The energy stored in the pentane bubble is an order of magnitude larger than that stored in the decane bubble. Remarkably, this result for the second phase of the bubble evolution mirrors the efficiency calculated in Fig. 6 for the first phase. Power losses through the bubble interface might be estimated as
, where δ is thermal boundary layer thickness, and T 0 is room temperature (20 • C). Given the similar heat diffusion coefficients and thermal boundary layer thicknesses, for the same bubble size the decane bubble experiences a much larger energy loss than the pentane one
The effective growth exponent α of the bubble radius dynamics R ∝ t α for the n-alkanes versus laser power is plotted in Figure 8 . Interestingly, the effective growth exponent of pentane, hexane, heptane, octane slightly varies from 0.25 to 0.30 for all laser powers, whereas for nonane and decane it is substantially smaller (< 0.1). In the case of water the effective growth exponent is close to 0.33 and bubble growth is dominated by gas that is expelled from the liquid in the vicinity of the bubble, due to the decrease of gas solubility in water with increasing temperature. 25 In the case of n-alkanes, however, the solubility of gas increases with increasing temperature and therefore, the influx of dissolved gas is not the contributor to the second and final bubble life phase of alkanes. So the main source of the growth of the bubble is evaporation of the liquid and therefore, we conclude that the second life phase of plasmonic bubbles in n-alkanes is vaporization dominated. In the second phase, the growth of the bubble is governed by a competition between heating from the nanoparticles and heat loss through the bubble interface as sketched in Figure 9 . Owing to the large diffusivity of the gas (D dif ≈ 10 −5 m 2 /s) and to the slow dynamics at hands (seconds), the temperature in the gas is homogeneous. Additionally, the thermal boundary layer around the bubble is given sufficient time to fully develop (δ th = R b ).
In first approximation, heat loss is therefore proportional to the bubble radius. As a result, the bubble will grow until the heat loss through the interface balances the thermal energy provided by the nanoparticles. Solving two heat conduction equations corresponding to this steady state for the gaseous and liquid phase results in an estimated bubble size R stable =
, where ξ is the nanoparticles absorption coefficient, P i is provided power, λ l is liquid conductivity and T 0 is room temperature (20
For light alkanes with low boiling temperatures, the delivered thermal energy is sufficient to heat up and vaporize a large volume of liquid. This growth, however, is severely hindered for higher boiling temperatures as can be seen from Fig. 7(a) for C 9 H 20 and C 10 H 22 . It is worth to mention that despite a vaporization dominated growth during the second phase, in n-alkanes the bubbles are effectively composed of a gas/vapor mixture. Due to the high amount of dissolved gas in alkanes (15 to 30 times more than in water), a lot of gas is collected by the bubble during the vaporization process. 
Conclusion
Plasmonic microbubbles in n-alkanes from C 5 H 12 to C 10 H 22 display two different phases in their evolution. The first phase occurs after a delay time τ d after illumination of about 100 µs, when an explosive vapor microbubble is formed. The size of this bubble barely depends on the alkane chain length. The achievable local superheat of the alkane as well as light to vapor conversion efficiency decrease with elongating carbon chains. The second phase, which is also vaporization dominated, is characterized by a steadily growing bubble. The effective scaling law exponent α in R(t) ∝ t α is 0.25 -0.30 for pentane, hexane, heptane and octane, whereas for nonane and decane it is substantially smaller (<0.1). Significant differences between plasmonic bubble dynamics in water and n-alkanes thus have been demonstrated, which is important for the design and regulation of the systems based on plasmonic bubble formation.
Heat diffusion dynamics Figure S1 : Maximum temperature evolution with time in three water-immersed idealized systems: a single sphere (blue), an array of nanoparticles at the interface of 2 media (purple), and an infinitely large heated plane (orange) for the same total deposited power. The gray area represents the range of times in which the onset of vaporization was observed.
The temperature evolution resulting from the same type of calculations as have been performed in our recent paper 1 is shown in Figure S1 . On small length scale and submicrosecond timescale, the heat first diffuses spherically from each nanoparticle. Later on, the temperature fields from individual nanoparticles start to superpose, leading to a transition towards one 1D planar diffusing heat front. Finally, due to the finite size of the laser spot, heat diffusion becomes spherical again after a typical time τ = R 2 /(πk), where R the radius of the Gaussian laser beam. There, the temperature converges toward a steady state value. If the steady state temperature is below the nucleation temperature of liquid, vaporization cannot occur.
